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Abstract
Red mud, a by-product of alumina production, has a great impact on the environment due to its high alkalinity. In this 
paper, two-part geopolymer mortar was synthesized by combining red mud and blast furnace slag (BFS) to obtain 
optimized compressive strength and flexural strength for construction materials. Geopolymer concrete was prepared 
with the cementitious material in the concrete replaced by geopolymer mortar. Mechanical properties, permeability 
and microscopic properties of geopolymer concrete were measured. The results showed that the compressive strength 
grade of concrete prepared with geopolymer concrete can reach 54.43 MPa indicating that the geopolymer concrete 
can be used as materials for load-bearing members in structures. Due to lower total porosity and better pore structure, 
the permeability resistance of geopolymer concrete was significantly better than ordinary concrete. Microscopic analysis 
indicated that a large amount of aluminosilicate reaction products was generated in a geopolymer by the reaction of 
OH− with the aluminosilicate components in red mud and BFS in a strongly alkaline environment. The surface [SiO4]4− and 
[AlO4]4− tetrahedrons form chemical bonds through dehydroxylation, which is the direct reason for their high strength 
and determines their excellent physical and chemical properties.
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1  Introduction

Red mud, characterized by a high-water content and 
complex composition varying with bauxite composition, 
production process, dehydration and storage period, is a 
kind of hazardous solid waste by-product of alumina pro-
duction with strong alkalinity [1]. Global production of 
red mud exceeds 117 million tons per year [2]. Typically, 
about 1–1.5 tons of red mud remain from the production 
of 1 ton of alumina and the utilization rate of red mud is 
only about 15% [3, 4]. The high alkalinity of red mud is 
harmful to the surrounding water, ground, air and other 
environments. Therefore, how to deal with and recycle red 
mud is an urgent problem to be solved. Some scholars 

have proposed different red mud recovery schemes, such 
as reuse of red mud as a catalyst [5], adsorbent [6] and soil 
improver [7]. However, the above methods were expensive 
and had limited ability to recover large amounts of red 
mud. At present, the main dealing method of red mud is 
still landfill, which will cause a lot of waste of land. Geo-
polymer, with industrial waste as its raw materials and 
low CO2 emissions, is an alternative to cement materials 
for building materials [8]. Geopolymer is a basic alumino-
silicate material, composed of AlO4 and SiO4 cross-linked 
structure [9]. It is usually synthesized from materials rich in 
silicon and aluminum, which can promote the formation 
of aluminosilicate in a high alkalinity environment [10].
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As a material with high basicity and high aluminum 
content, red mud is a suitable geopolymer precursor. In 
recent years, much work has been carried out on a red 
mud-based geopolymer. Different proportions of red mud 
and rice husk waste were prepared as a geopolymer by He 
et al. [11]. It is found that the compressive strength char-
acteristics of most geopolymers were similar to OPC, but 
their mechanical properties were very complex and were 
determined by many factors, including alkalinity, mixing 
ratio, curing time and particle size. Kumar [12] used red 
mud to partially replace 0–40% fly ash and synthesized a 
geopolymer at room temperature. The effects of red mud 
content on geopolymer reaction, structure and perfor-
mance were studied. After adding red mud, the strength of 
all test pieces was improved, but only in the samples con-
taining 5–20% red mud, the setting time and compressive 
strength increased. Structural characterization showed 
that the reaction rate was related to the concentration 
of sodium hydroxide, but the development of mechani-
cal properties was related to the dense microstructure 
formed by the combined effect of sodium hydroxide 
concentration, silicate solubility and the presence of iron 
oxide. Kaya’s research [13] on red mud metakaolin-based 
geopolymer revealed the systematic addition of red mud 
into a geopolymer system resulted in a constant loss of 
intensity and increased broadening of the main features 
in XRD and FTIR spectra. Increasing red mud incorporation 
in this system resulted in a nearly monotonous decreas-
ing trend in the compressive strength. One-part “just add 
water” geopolymer binders are synthesized through the 
alkali-thermal activation of the red mud by Ke [14]. They 
found that red mud is an effective precursor to produce 
one-part geopolymer binders, via thermal and alkali-acti-
vation processes. Choo et al. [15] made one-part mix alkali-
activated materials with high unburnt carbon particles as 
the aluminosilicate precursor and red mud as the Sodium 
hydroxide source. In their study, the unconfined compres-
sive strength (UCS) of red mud-activated fly ash with the 
content of red mud was studied. However, a one-part geo-
polymer has low compressive strength with the maximum 
UCS of around 1.0 MPa. Based on the above red mud geo-
polymer preparation methods, some scholars carried out 
some work in enhancing the strength of geopolymer. Ye 
et al. [16, 17] investigated a one-part geopolymer synthe-
sized from the Bayer method through an alkali–thermal 
activation process. By adding another silica-rich material 
silica fume with high activity, the compressive strength 
deterioration problem of the one-part geopolymer synthe-
sized from Bayer red mud was solved. Hu et al. [18] studied 
the possibility of utilizing one type of red mud along with 
three types of fly ash as the source material to produce the 
geopolymer cured at both ambient and elevated tempera-
tures. They found that compressive strength of 15.2 MPa 

was obtained during a standard period of ambient tem-
perature curing, at a significantly low sodium hydroxide 
concentration compared to other class F-based geopoly-
mer. Red mud-metakaolin-based geopolymer activated by 
sodium silicate and sodium hydroxide cured for 28 days 
with a compressive strength of 10 MPa, comparable water 
absorption and density were synthesized by Hajjaji [19].

The permeability of the geopolymer was mainly carried 
out by the chloride ion penetration test. Ribeiro et al. [20] 
tested the chloride ion diffusion of geopolymer with a red 
mud content of 30% by the ASTM C-1202 method. It was 
found that the higher the red mud content, the lower the 
corrosion rate. In this work, vacuum saturation was not 
used; instead, the samples were immersed in water for 
24 h before testing. However, the dissolution of the free 
alkali in red mud will interfere with the results of electrical 
properties. Furthermore, it remains to be studied whether 
the chloride ion diffusion test method suitable for tradi-
tional concrete is still applicable to RMGC. Diaz et al. [21] 
carried out a natural diffusion test to detect the diffusion 
of chloride ions in red mud-based geopolymer. However, 
the test time (two months of continuous natural observa-
tion) was too long to apply to engineering practice.

Although the current research focuses on the prepara-
tion of geopolymer and achieves some beneficial results, 
the research on the strength and durability of geopoly-
mer concrete is still insufficient. In order to recycle the red 
mud and use it in the bearing member of the structure, 
this paper studied the strength (compressive strength and 
splitting tensile strength) and the impermeability of the 
red mud-BFS geopolymer concrete. Microscopic measure-
ment methods were also carried out for the pore structure 
and minerals of the red mud-BFS-based geopolymer.

2 � Materials and methods

2.1 � Materials

Red mud, BFS, sodium hydroxide flakes, river sand, coarse 
aggregate and tap water were the main constituents of the 
geopolymer concrete. The red mud produced by the sin-
tering process was collected from Longmen coal industry 
co., LTD, China. BFS was collected from Xuzhou Cheng Yi 
cement factory. As shown in Fig. 1, the size distribution of 
red mud and BFS was obtained by using Laser Diffraction 
analysis. The 96% pure sodium hydroxide flake was sup-
plied by Hui Xin industry and trade co., LTD., China. The 
slaked lime powder obtained by fully digesting and dry-
ing the quicklime powder was initially grounded to pass 
through the 0.08-mm sieve. The fine aggregate produced 
by Yi He river in Xu Zhou, China, with a fineness modulus 
of 2.79, moisture content of 1%, an apparent density of 
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2.64 g/cm3, was used after being washed and dried. Basalt 
natural coarse aggregate with a particle size of 5–20 mm, 
24-h water absorption of 1.7%, an apparent density of 
2.86 g/cm3 was used. Ordinary Portland cement (OPC) P.O 
42.5 Grade was used as a cementing material for ordinary 
concrete.

2.2 � Pretreatment of materials

Massive red mud was first crushed with a jaw crusher and 
then dried in an oven at 105 °C to constant weight. Then 
dried red mud was ground to pass 200 mesh sieves. The 
red mud, gypsum and lime (RGL) were mixed uniformly 
according to a ratio of 17: 2: 1 and placed in a high-tem-
perature electric furnace for calcination.

2.2.1 � Synthesis of geopolymer mortar

Sodium hydroxide was dissolved in tap water to prepare 
an activator. Then, the solid phase consisting of RGL and 
BFS was mechanically blended with the activator evenly 
to obtain a homogeneous paste. The mass ratio of the 
solid phase, tap water and fine aggregate was 1: 0.5: 3. 

Different ratios of RGL, BFS and sodium hydroxide are 
shown in Table 1. Then, pastes were molded in plastic 
molds (40 mm × 40 mm × 160 mm) and cured at 20 ± 1 °C 
and relative humidity of 95% for 24 h. The binders were 
then demolded and cured again under the same con-
dition for 28 days. Compressive strength and flexural 
strength tests were carried out.

Fig. 1   Impermeability test

Table 1   Experiment grouping 
of alkali red mud-BFS plastic 
mortar specimens

No RGL:BFS Sodium 
hydrox-
ide wt%

1–1–1 4:1 8
1–1–2 10
1–2–1 2:1 8
1–2–2 10
1–3–1 1:1 4
1–3–2 6
1–3–3 8
1–3–4 10
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2.2.2 � Synthesis of red mud‑BFS‑based geopolymer 
concrete

The concrete mix ratio of cement, tap water, fine aggre-
gate and coarse aggregate was 1: 0.47: 1.28: 2.38. A water/
cement ratio of 0.47 was used in this study to prepare M30 
grade concrete. In the red mud-BFS-based geopolymer 
concrete, red mud, lime and BFS were used to replace the 
cement in accordance with the optimal mixing ratio and 
the mass content of the activator sodium hydroxide was 
8%. The red mud-BFS-based geopolymer concrete speci-
mens and ordinary concrete specimens were tested for 
compressive strength and split tensile strength at 3 days, 
7 days, 14 days and 28 days, respectively. The size of the 
specimen is 100 mm × 100 mm × 100 mm. There are a total 
of 16 groups including geopolymer concrete groups and 
ordinary concrete groups, with 6 specimens in each group 
(three for the compression test and three for the split ten-
sile test).

2.2.3 � Impermeability test

Two sizes of PVC formwork (φ110 × 150  mm and 
φ160 × 180 mm) were used as the formwork for concrete 
casting and the formwork for sealing the circumference 
and bottom of the concrete specimens, respectively. The 
arrangement of the electrodes in the concrete specimen is 
shown in Fig. 1a. A 3 × 5 mm copper sheet was selected as 
the electrode and welded on the enameled wire to test the 
resistance change in the concrete. In order to ensure that 
water permeates along one side of the concrete during the 
test, epoxy resin and asphalt are selected to seal the side 
and bottom surfaces of the specimens, as shown in Fig. 1b.

The permeation test device consists of a water stor-
age cavity and a cover plate. A sealing groove was set on 
the annular surface where the cover plate and the cavity 
contact. A seal ring was arranged, and the seal ring was 
coated with butter. The upper and lower cover plates with 
12 high-strength bolts were compacted to seal the device. 
The test specimen was placed in the cavity, and the lead 
was led out from the outlet and sealed with epoxy resin. 
The upper cover has three interfaces for pressure gauges, 
hydraulic sensors and water inlet pipes, as shown in Fig. 1c, 
d. The penetration test system is shown in Fig. 1e, f, which 
can dynamically reflect the penetration of concrete. 
The penetration height method and the resistance test 
method were used in the test system. The electrode wire 

was connected to the corresponding test channel of the 
DT515 sensor, the resistance value between the two con-
crete embedded electrodes was displayed and recorded 
every minute through the computer.

2.2.4 � Microscopic characterization methods

After the compressive strength test, the crushed samples 
were immersed in alcohol for the materials characteriza-
tion test. The sample powder was dried for microscopic 
examination. A part of the crushed samples was ground in 
an agate mortar until it passes through a 325 mesh sieve 
for XRD and FT-IR. The other part of the crushed samples 
were cut into 10 mm × 10 mm for SEM and MIP. The main 
chemistry of the powder of red mud and BFS (> 325 mesh) 
was studied using the X-ray fluorescence (X-Ray Fluorite 
Spectroscopy S8 Tiger) as shown in Table  2. Mercury 
intrusion porosimetry (MIP) was performed using a Mer-
cury porosimeter from Micromeritics (PoreMaster 33) to 
observe the pore size distribution and cumulative pore 
volume of the geopolymer concrete and the ordinary con-
crete. Morphology of the geopolymer concrete and the 
ordinary concrete were characterized by scanning electron 
microscopy (SEM, Sirion 200, FEI Co., Netherlands). The 
main phase compositions of the geopolymer were ana-
lyzed by XRD (D8 ADVANCE) with Cu Ka radiation at 40 mA 
and 40 kV. The structure of chemical bonds in red mud 
was determined by Nexus 670 Fourier transform infrared 
spectrophotometer of Nicolet.

3 � Experimental result and discussion

3.1 � Compressive strength and flexural strength 
of geopolymer mortar

Compressive strength and flexural strength of geopolymer 
mortar are shown in Fig. 2. According to the provisions of 
GB175-2007 (General guidelines for Portland cement in 
China), the compressive strength of P.O 42.5 cement mor-
tar specimens at 3 days and 28 days should not be lower 
than 17.0 MPa and 42.5 MPa and the flexural strength 
should not be lower than 3.5 MPa and 6.5 MPa, respec-
tively. As is seen from Fig. 2, early flexural strength (3 days) 
of geopolymer mortar specimens developed rapidly and 
some even reached the 28-day flexural strength require-
ment of P.O 42.5 cement mortar Besides; the compressive 

Table 2   The main chemistry of 
the red mud and BFS

No SiO2 A12O3 Fe2O3 CaO MgO Na2O K2O Ti2O SnO Loss

Red mud 16.98 13.35 7.43 30.29 1.5 2.82 0.38 2.29 – 24.96
BFS 31.35 18.65 0.57 34.65 9.31 – – – 0.41 0.70
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strength also shows early strength characteristics. com-
pressive strength of geopolymer mortar specimens at 
3 days reached about 50% to 60% compressive strength 
at 28 days; when the sodium hydroxide content of the 
stimulant is 8%. Comparing the data in Fig. 2, the 1–3–3 
group has the highest flexural and compressive strength, 
with sodium hydroxide content 8%.

3.2 � Compressive strength and splitting tensile 
strength of geopolymer concrete and ordinary 
concrete

To study the mechanical properties of geopolymers, the 
1–3–3 group was selected for comparison with ordinary 
concrete. It is seen from Fig. 3 that the early strength 
of geopolymer concrete develops rapidly and the 

compressive strength of geopolymer concrete at 3 days, 
7 days and 14 days reach 62.2%, 81.7% and 92.3% of that at 
28 days, respectively. In contrast, the compressive strength 
of ordinary concrete at 3 days, 7 days and 14 days reached 
37.5%, 68.0% and 84.9% of that at 28 days, respectively.

Similarly, the splitting tensile strength of geopolymer 
concrete develops rapidly and the strengths at 3 days, 
7 days and 14 days reached 56.85%, 77.11% and 91.64% 
of that at 28 days, respectively. On the other side, the split-
ting tensile strength of ordinary concrete at 3 days, 7 days 
and 14 days reached 49.52%, 70.20% and 83.79% of that 
at 28 days, respectively.

3.3 � Permeability

After the geopolymer concrete and ordinary concrete 
were continuously pressurized for 1650 min in the pene-
tration test device, the resistance changes of the two types 
of concrete during the penetration test are shown in Fig. 4. 
During the penetration process, the resistance between 
the electrodes of the test piece decreased continuously 
as the water content increased. When the concrete pores 
between the two electrodes were saturated with water, 
the ions in the water reached infiltration equilibrium and 
the resistance value tended to be stable. The moment 
when the resistance value started to stabilize was the time 
when the peak of the water head expanded to the position 
of the lower test electrode, which was the time it cost to 
penetrate the distance of 80 mm.

As shown in Fig. 4, the resistance value between the 
electrodes of the geopolymer concrete during the penetra-
tion process eventually stabilizes at about 600Ω. Although 
the resistance still showed a downward trend during 
800–1000 min, considering the influence of temperature 

Fig. 2   Compressive strength and flexural strength of geopolymer 
mortar

Fig. 3   Compressive strength and splitting tensile strength of geo-
polymer concrete and ordinary concrete Fig. 4   Penetration time vs. Resistance
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and pore solution changes, the time to penetrate the geo-
polymer concrete at 80 mm was 770 min, and the resist-
ance between the embedded electrodes in the geopolymer 
concrete was 597.45Ω. The change in resistance between 
the embedded electrodes in ordinary concrete was differ-
ent from that in geopolymer concrete. The resistance value 
of ordinary concrete was finally zero because of the result 
of the difference in the pore structure and ion in the pore 
solution of the two types of concrete. Finally, the resistance 
between the two concrete electrodes eventually tended to a 
stable value. According to the test results, the time for water 
to penetrate the ordinary concrete at 80 mm was 280 min, 
and the resistance between the electrodes was zero.

After the 1650 min penetrating process, the pressure of 
the test specimens was released, and the specimens were 
taken out. The asphalt wrapped on the surface of the test 
specimens was then removed, and the specimens were split 
by the press. Pieces of concrete are used to measure the 
water absorption, and then the permeability coefficient was 
calculated. The penetration test results of the geopolymer 
concrete, and the ordinary concrete are shown in Table 3.

Because the permeability coefficient of concrete is quite 
small, the seepage process conforms to Darcy’s law[22–24], 
so the calculation of the seepage velocity v is shown in 
Eq. (1):

where, the water pressure is P; the penetration depth is h; 
the hydraulic gradient is J (J = P/h).

Since the seepage process is continuous, the increment 
of water permeability is as shown in Eq. (2):

where, the seepage time increment is dt ; the water surface 
rise increment is dh ; the concrete porosity is �.

Both sides of the equation were integrated at the same 
time, and Eq. (3) was obtained:

where, H is the vertical penetration depth at the end time 
T of the seepage experiment.

(1)v = k ⋅ J =
kP

h

(2)dq = �Adh = Avdt

(3)k =

�H2

2TP

According to Eq. (3), the permeability coefficients of 
the geopolymer concrete and the ordinary concrete are 
1.1 × 10–14 m/s and 3.4 × 10–14 m/s, respectively. According 
to the test results, the permeability of ordinary concrete 
was much greater (3.1 times) than that of the geopolymer 
concrete. Therefore, the impermeability of geopolymer 
concrete is better than that of ordinary concrete. After 
the permeability coefficient is obtained, the penetration 
distance of water in the concrete under certain pressure 
and time can be calculated according to Eq. (3), which is 
of great significance for certain concrete structures with 
special impermeability requirements.

3.4 � Microscopic analysis

Particle size distribution curves of red mud, BFS and 
cement are shown in Fig. 5. Particle sizes Xn (n = 10, 50, 
90) and Xav standard for the cumulative particle size 
and the average particle size of the particle group as 
shown in Table 4. The average particle size of red mud 
was 2.973 μm, while the average particle size of BFS and 
cement was 15.228 μm and 16.592 μm, respectively. The 
particle size range of red mud is mainly concentrated 
at 0.895–6.509 μm, while the particle size ranges of BFS 
and cement are 1.946–31.945 μm and 1.573–38.177 μm, 
respectively. It can be found that the particle sizes of BFS 

Table 3   Penetration test results of the geopolymer concrete and 
the ordinary concrete

Type of concrete Osmotic 
pres-
sure (MPa)

Penetration 
time (min)

Absorption %

Geopolymer concrete 4.4 770 7.11
Ordinary concrete 4.4 280 8.01

Fig. 5   Particle size distribution curves of red mud, BFS and cement

Table 4   Particle size distribution parameters of red mud, BFS and 
cement (μm)

Type X10 X50 X90 Xav

Red mud 0.895 2.133 6.509 2.973
BFS 1.946 12.760 31.945 15.228
Cement 1.573 10.389 38.177 16.592
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and cement are similar, while the particle size of red mud 
is significantly smaller than that of BFS and cement.

The distribution of pores in concrete is very wide and 
the pore size ranges from 10–7 mm to 10–2 mm. Accord-
ing to the size of the pore size, the pore size of concrete 
can be divided into gel pores (< 10–5 mm), excessive pores 
(10–5–10–4 mm), capillary pores 10–4–0–3 mm) and large 
pores (> 10–3 mm). Increasing gel pores, reducing transi-
tion pores, eliminating capillary pores and macropores are 
very beneficial for improving the mechanical properties 
and durability of concrete. The porosity and pore size dis-
tribution of geopolymer concrete and ordinary concrete 
was measured by the mercury intrusion method, as shown 
in Fig. 6 and Table 5.

The total porosity of geopolymer concrete was only 
15.88%, while the total porosity of ordinary concrete 
reached 33.35%, which was twice the total porosity of 
geopolymer concrete. In terms of pore size distribution, 
gel pores accounted for 36.09% of the total pores in geo-
polymer concrete, while ordinary concrete had fewer gel 
pores, only 6.12%. The pore size distribution of ordinary 
concrete was mainly transitional pores, capillary pores and 
macropores, which were 55.56% and 38.32% of the total 
pores, respectively. In contrast, the relative proportions of 

transition pores, capillary pores and macropores of geo-
polymers concrete (30.61% and 33.30%) were relatively 
low. In terms of pore size, the average pore diameter and 
median pore diameter of geopolymer concrete were 134 Å 
and 72 Å, respectively, while the average pore diameter 
and median pore diameter of ordinary concrete were 
418 Å and 213 Å, respectively. Therefore, the pore size 
of the geopolymer was significantly smaller than that of 
ordinary concrete, which was consistent with the results 
of impermeability.

SEM images of geopolymer and cement cured for 
28 days are shown in Fig. 7a, b. Figure. 7a is a SEM of the 
hardened slurry at 28 days of curing of geopolymer speci-
mens. The hydration products in the geopolymer concrete 
curing for 28 days were cross-connected with each other 
to form a whole, which was dense with few pores. There 
was only a small amount of unreacted red mud and BFS 
particles, which indicates that the 28-year-old geopoly-
mer has a sufficient degree of hydration. Figure. 7b is a 
SEM of the hardened slurry at 28 days of curing of ordinary 
concrete specimens. Compared with the geopolymer, the 
pores of cement hydration products were larger.

The mineral composition of red mud and geopoly-
mer is shown in Fig. 8. From the diffraction peak position 
and intensity, it was found that red mud mainly contains 
hydrated garnet (Ca3Al2(SiO4)(OH)8), sodium alumino-
silicate hydrate (Na12[(AlO2)12(SiO2)12]27H2O), perovskite 
(CaTiO3) and diaspore (Al2O3 H2O). If Al in the hydrated 
garnet is partially replaced by Fe, it will form water-con-
taining calcium iron garnet (Ca3(Fe0. 87 Al0. 13)2(SiO4)1.65
(OH)5.4). The titanium-bearing mineral usually associated 
with bauxite is ilmenite (FeTiO3), which is a harmful impu-
rity in the extraction of alumina. Generally, lime is added 
during leaching to transform it into perovskite (CaTiO3). 
The diaspore monohydrate (Al2O3 H2O) is left in the red 
mud from the diaspore monohydrate which is not eluted 
in the original bauxite.

It can be seen from the XRD patterns that the 
reaction products of the geopolymer were abrazite 
(CaAl2Si2O4·4H2O), albite (Na2O·Al2O3·6SiO2), orthoclase 
(K[AlSi3O8]), anorthite (CaAl2Si2O8) and illite. A large 
amount of aluminosilicate reaction products was gener-
ated in the geopolymer, such as abrazite. These substances 
were insoluble zeolite minerals which charactered high 

Fig. 6   Pore distribution of ordinary concrete and geopolymer con-
crete after 28 days hydration

Table 5   Pore structure 
of ordinary concrete and 
geopolymer concrete

Type Total Porosity Pore distribution (%) Average 
pore size 
(Å)

Median 
pore size 
(Å)Gel pores Transition hole Capillary 

and large 
holes

Ordinary concrete 33.35 6.12 55.56 38.32 418 213
Geopolymer concrete 25.88 36.09 30.61 33.30 134 72
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strength similar to rocks in the earth’s crust. The main rea-
son for the generation of this kind of substance was that it 
was generated by the reaction of OH− with the aluminosili-
cate components in red mud and BFS in a strongly alkaline 
environment. This kind of substance had a chain structure 
like an organic polymer and can react with mineral parti-
cles. The surface [SiO4]4− and [AlO4]4− tetrahedrons formed 
chemical bonds through dehydroxylation, which was the 
direct reason for their high strength and determines their 
excellent physical and chemical properties. For ordinary 
concrete (Fig. 8c), the characteristic peaks are C-S–H gel, 
C-A-H gel, calcium hydroxide, ettringite, etc. Compared 
with Portland cement, geopolymer does not contain 
hydrated products of Portland cement, such as Ca(OH)2, 
hydrated calcium aluminate, ettringite, hydrated calcium 
sulfoaluminate and high alkaline C–S–H gel. That is, no 
Ca(OH)2, ettringite crystal phases exist in the geopolymer. 
However, the formation of silicon-aluminum octahedron 
significantly improves the strength and compactness of 
the geopolymer, where red mud provides the aluminum 
source and BFS provides the silicon source and aluminum 
source.

The FT-IR spectra for the geopolymer hydrated for 
28 days were detected in wavenumber region between 
4000 and 500 cm−1 in Fig. 9. The broad absorption band 
at 3440 cm−1 was related to the asymmetric stretching 
vibration of OH−. The absorption band near 1634 cm−1 
was the bending vibration of OH− and the OH− came from 
the hydration product C–S–H generated by the reaction 
of red mud under the excitation of alkali. The strongest 
absorption peak in the sample was near 974 cm−1, where 
the asymmetric stretching vibration of Si–O–Si, O–Si–O 
and Si–O–Al was found. The second strong absorp-
tion region was 600 cm−1 ~ 400 cm−1 and the strongest 
absorption peak is at 455 cm−1, which was the bending 
vibration of Si–O bond. The absorption band in the range 

Fig. 7   SEM images of red mud, 
geopolymer concrete and ordi-
nary concrete: (a) geopolymer 
concrete; (b) ordinary concrete

Fig. 8   XRD patterns of red mud and geopolymer concrete
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of 600 cm−1 ~ 800 cm−1 was caused by: 1) the symmetric 
stretching vibration of the tetrahedron 2) the Si–O–Si 
stretching vibration 3) the Al–O–Si stretching vibration. 
Between wavenumber region 600 cm−1 ~ 800 cm−1 many 
tiny absorption peak occurred, which caused by the 
vibration of Al–O in [AlO4]. This indicates that under the 
action of OH−, Al in the red mud dissolved out, into the 
matrix phase involved in bonding, generated by Si–O–Al 
and Al–Si–O–O mineral polymer skeleton composed of 
Si–O–Al–O (single), Si–Al–O–O–Si–O (double chain) and 
three chain Si–O–Al–O–Si–O–Si–O.

4 � Conclusion

1.	 The strength grade of concrete prepared with a geo-
polymer can reach C30 grade (> 30 MPa) and can be 
used for structural load-bearing members.

2.	 The permeability coefficients of geopolymer con-
crete and ordinary concrete were 1.1 × 10–14 m/s and 
3.4 × 10–14 m/s, respectively. The permeability resist-
ance of geopolymer concrete was better than that of 
ordinary concrete.

3.	 The hydration products in the geopolymer concrete 
cured for 28 days were cross-connected with each 
other to form a whole, which was dense with few 
pores. The formation of silicon-aluminum octahedron 
significantly improved the strength and compactness 
of the geopolymer, where red mud with small parti-
cle size provided the aluminum source and BFS pro-
vided the silicon source, aluminum source and calcium 
source.
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